Abstract. When implementing a dedicated polarization analysis setup at a neutron time-of-flight instrument with a large area detector, one faces enormous challenges. Nevertheless, significant progress has been made towards this goal over the last few years. This paper addresses systematic limitations of the traditional method that is used to make these measurements, and a possible strategy to overcome these limitations. This will be important, for diffraction as well as inelastic experiments, where the scattering occurs mostly out-of-plane.
Introduction
Direct geometry inelastic neutron time-of-flight (TOF) spectrometers are powerful instruments but they do not lend themselves very easily to performing polarization analysis [1] [2] [3] . These instruments feature very large detector arrays, covering up to ∼ 30
• out of plane, which means that the scattered polarization must be analyzed over a large area. A second reason is that these instruments may use a wide range of wavelengths simultaneously, by employing the repetition rate multiplication (RRM) technique [4] , which makes it difficult to optimize polarization analysis settings. Even so, significant progress has been made recently at various facilities [5] [6] [7] [8] .
Modern TOF instruments (elastic as well as inelastic) cover detector solid angles in excess of ∼ 2 sr, whereas existing instruments in which polarization analysis is a fixed installation have much smaller detectors. For example, one has ∼ 0.4 sr at D7 [9, 10] , ∼ 0.1 sr at DNS [11, 12] , and the WASP project at the Institut LaueLangevin (ILL), which is currently under construction, is aiming for ∼ 0.2 sr [13] . These instruments use supermirror analyzers whereas the crystal analyzer instrument MACS at the National Institute for Standards and Technology (NIST) uses an array of wide angle 3 He analyzer cells [14] . The HYSPEC instrument at Oak Ridge National Laboratory (ORNL) is presently pursuing both options and will reach ∼ 0.25 sr [15] .
Magnetic neutron scattering has vector character, that is to say, the intensity and polarization of the scattered beam depend on the mutual direction of three vectors relative to each other: the scattering vector Q, the polarization direction of the neutron, and the direction of the magnetic moment from which the neutron is scattered. When one writes down expressions that connect the quantities one measures (x yz spin flip and non spin flip cross sections) and the quantities one is interested in (the nuclear coherent scattering N , nuclear spin-incoherent a e-mail: ehlersg@ornl.gov scattering I , and magnetic scattering M), it turns out that some terms accidentally cancel if the scattering occurs in the x y plane ( Q ⊥ z). As the use of the method can be traced back to the 60s [16, 17] , this condition was always met, simply because neutron scattering instrumentation was nearly always confined to the x y plane. At a modern TOF instrument this is no longer true, and it is therefore worth going back to the basics of the technique and to develop the measurement protocol further, in particular to achieve a cleaner separation of M.
Scientific need for polarized neutrons
By far the greatest need for polarized neutrons is in magnetism. The direction in which research is currently developing emphasizes going towards increasingly complex materials, in which magnetic scattering features are often weak (due to spin-1/2 entities) or diffuse (because magnetic correlations are short-ranged) [18] [19] [20] [21] . The widely adopted strategy to separate magnetic scattering (using unpolarized neutrons) with temperature variation (say, above and below a phase transition) cannot be applied with success if the magnitude of the magnetic scattering intensity is comparable -or weaker -than the variation with temperature of the nuclear scattering. In complex systems, it is more likely that lattice and spin dynamics overlap in ( Q, ω) space, and may even be "entangled" which is to say that an excitation may involve structural and magnetic degrees of freedom simultaneously [22] . Thus, in the future polarized neutrons will be increasingly indispensable for the separation of lattice and spin dynamics in magnetic systems, and also for independent measurements of transverse and longitudinal spin fluctuations.
In soft matter research, polarization analysis allows one to distinguish between coherent and incoherent scattering [23] [24] [25] . This is routinely used in neutron spin echo spectroscopy because the instrument itself requires polarized neutrons to function [26, 27] , and the separation of coherent and incoherent cross sections is thus readily available.
Polarization analysis with detector coverage out of plane
The traditional way in which x yz−polarization analysis experiments are conducted involves preparing a linearly polarized neutron beam whose polarization is guided all the way through the instrument, up to the analyzing device which is situated behind the sample [2] . In the sample area the polarization direction is adiabatically rotated into different directions during the measurement. The setup also includes a flipping device which allows one to change the optical direction of the polarizer relative to the analyzer. One measures six cross sections (three polarization directions, spin flip and non spin flip for each). The directions are commonly referred to as the x, y and z directions, which are mutually perpendicular, and where x and y make up the horizontal scattering plane and z is vertical. The objective of such an experiment (elastic or inelastic) is to separate the nuclear coherent (N ), nuclear spin-incoherent (I ) and magnetic (M) contributions to the scattering. These three contributions manipulate the neutron spin during the scattering process in different ways, and keeping track of the polarization of the scattered beam enables their separation if the direction of the polarization is changed with respect to the scattering vector Q. Figure 1 schematically shows the scattering geometry. Experimentally, the x yz coordinate system is set up by the devices that define the polarization directions. This does not necessarily line up with the 'natural' coordinate system of the host instrument, where one would choose one of the axes to be parallel to k i . The direction of the Q vector is expressed with angles α and γ (as shown in Fig. 1 ) which, in general, one will have to calibrate (see below).
The "traditional" method, in which the polarization direction is adiabatically rotated in the x, y and z directions, is referred to here as the "6-pt method". In such a measurement, the magnetic intensity M = M( Q, ω) can be separated by
This was derived in previous work and is repeated here for convenience [2, 3] . Note that M cannot be separated from cos 2 γ where γ is the out-of-plane angle according to Fig. 1 . The cos 2 γ term vanishes in the horizontal plane, where cos 2 γ = 0. At an inelastic instrument, one can determine cos 2 γ in each pixel and time bin from the scattering triangle and feed it into this equation. At a diffraction instrument (no energy analysis) this is not possible and one measures in each pixel and time bin an average cos 2 γ weighed with the elastic vs. inelastic scattering cross sections. However, even at an inelastic instrument one may find it preferable to be able to separate M from cos 2 γ , for example, to reduce the impact of a deviation of γ = 0 from the exact vertical direction.
One can expand the 6-pt protocol by measuring a second set of polarization directions in the x y plane, which is rotated by 45
• around the vertical axis [3] . This is referred to as the "10-pt method", and the two new horizontal polarization directions are labelled "x + y" and "x − y". In this situation one can revise the above linear combinations with coefficients that become dependent on the angle α, to cancel out the cos 2 γ terms. From "down" counts:
and from "up" counts:
where c 0 = cos 2 α and c 4 = cos 2 (α − π/4). One gets two independent values for M, from "down" and "up" counts respectively, by writing
The angle α can be determined in a self-consistent way during the instrument tuning procedure prior to the experiment. This tuning can be done using a standard sample with sufficiently strong paramagnetic intensity M (ideally M N , I ) by making use of the relations
For this purpose, the paramagnetic scattering must be elastic and should be diffuse to give access to a wide Q range. For example, spin ices and spin glasses do meet these criteria at low temperature [28, 29] . The relative change of α between pixels and time bins can also be calculated from the instrument geometry without any ambiguity, because α is simply the in-plane angle of the Q vector. For elastic scattering in the x y plane, α is linearly offset from half the scattering (polar) angle θ . Thus, the tuning only needs to compute an experimental offset which is the angle between the "x" direction and the incident beam. This makes it possible to construct a "map" of the α angle over the detector array quite accurately (at a diffraction instrument the scattering from the standard would have to be strictly elastic).
The new "10-pt" method was tested and verified in a show-case experiment that was reported earlier [3] . In the following, results from a more detailed Monte Carlo simulation are shown, which investigated in particular the consequences of quasielastic scattering.
Monte Carlo simulations

Detailed conditions
The Monte Carlo simulation matched the D7 instrument [10] in most of the relevant parameters (distances, beam size and divergence, mean wavelength λ = 4.8Å, etc.). A pixilated two-dimensional detector was assumed that covered ±20
• out of plane. In reality, the D7 detector array covers ±5
• out of plane and the tubes are not position-sensitive. The simulation followed each neutron and its polarization through the instrument and the scattering process, and recorded whether it would be counted in the spin flip or non spin flip channel. The simulated counts were then analyzed in exactly the same way as real data would be.
The virtual powder sample had Q independent nuclear spin incoherent (I ) and paramagnetic (M) scattering with a 1:10 intensity ratio. The nuclear coherent scattering (N ) was set to zero. Since the sum of the two contributions M + I is a constant, any deviation in the magnetic from a constant (in an analysis scheme that ignores cos 2 γ terms) will be reflected in the spin incoherent channel with inverse sign.
Monte Carlo results -elastic scattering
The top two panels in Fig. 2 show the apparent magnetic scattering on a two-dimensional detector (top panel) with the traditional 6-pt setup, and the result of an analysis (second panel) that one would get with tubes that are not position sensitive (like at D7). Here one integrates the counts on the detector vertically and then applies the formalism to separate M. The angular range actually covered at D7 is also indicated in the figure. This comparison confirms that the corrections to the 6-pt method considered in this paper are relevant for D7 at low scattering angle.
In the forward direction one observes deviations from constant intensities below ∼ 20
• scattering angle. This is a direct consequence of ignoring the cos 2 γ term in the analysis. As expected, the effect becomes more pronounced as one goes away from the horizontal plane. This can be understood in simple terms at zero in-plane scattering angle, as there the scattering plane is vertical and the meanings of "x", "y" and "z" are permuted. In this part of the detector, the linear combinations from the 6-pt equation would need to use different coefficients for the three directions. It can also be seen from the first equation given in Sect. 3 that M will change sign if cos 2 γ > 1/3. The bottom two panels in Fig. 2 show the true magnetic scattering on a 2D position sensitive detector with the new 10-pt setup. As expected, the input intensities were exactly recovered.
Monte Carlo results -quasielastic scattering
To gain a different perspective, the effect of quasielastic scattering was studied in the Monte Carlo simulation as well. A full width at half max. of 1 meV (lorentzian width) was assumed -which is quite large -to highlight any potential effects. It felt particularly important to estimate the consequences of quasielastic scattering because at a diffraction instrument one has no direct measure of the inelasticity of the scattering. While the assumed width of 1 meV is arbitrary, many real systems will show such scattering (for example critical scattering near the ordering temperature) if the intrinsic energy scales are high enough.
With the 6-pt method the intensity in the forward direction gets washed out a little but overall the picture is very similar to the strictly elastic case reported in the previous section. In particular, one observes a similar upturn of I at low scattering angle which is the consequence of ignoring the cos 2 γ term in the analysis. On the other hand, the 10-pt method turns out to be quite sensitive to the scattering being quasielastic. The deviation of the scattering intensity in the forward direction is even more pronounced in this case. Figure 4 shows that the deviation of the scattering from the constant input intensity goes in parallel with a deviation of cos 2 α from the expected values. This figure shows the difference between cos 2 α values as determined from the data (see Sect. 3) and from instrument tuning. While for elastic scattering (top panel in the figure) even in the forward direction the difference values scatter around zero, a strong net deviation is observed for the quasielastic case (bottom panel in the figure). This is not surprising: The data analysis in the lower part of Fig. 3 was performed Figure 3 . Top two panels: magnetic and spin incoherent scattering from the simulation, as analyzed with the 6-pt equations, in the presence of strong quasielastic scattering. Again, the actual detector coverage at D7 is indicated. Bottom two panels: magnetic and spin incoherent scattering from the simulation, as analyzed with the 10-pt equations, using the same dataset.
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with an imposed map of the α angle that reflects strictly elastic scattering. If in fact the observed scattering is not elastic, within resolution, then one will get in each pixel a distribution of α and γ angles as Fig. 1 shows. The average true cos 2 α must then deviate in each pixel from the expected value. With the expected cos 2 α imposed, the scattering intensity will naturally deviate from the input constant intensity. Thus the 10-pt method offers a manageable check whether the quasi-static approximation holds that one usually assumes in a diffraction experiment -one only has to compare experimental and expected cos 2 α and cos 2 γ values. This point was made by Schärpf [2] , and the idea was made use of (for α) by Murani et al. in an in-plane experimental geometry [30] . 2 α as determined from the data and from instrument tuning for elastic scattering (top) and quasielastic scattering (bottom). In the forward direction one requires better counting statistics for cos 2 α . For elastic scattering the differences even out to zero whereas for quasielastic scattering a net positive difference is observed in the forward direction.
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The value of the 10-pt protocol is that the angle α can be determined mod π (as compared to mod π/2 with the 6-pt protocol) and that there is no information on γ whatsoever with the 6-pt method.
Conclusions
Adding a second x yz setup which is rotated by 45
• around the vertical axis enables one to fully separate the three scattering contributions (N , I , M) from each other and from the scattering angles when considering scattering out of plane. At a diffraction instrumentwithout energy analysis -one generally relies on the quasi static approximation to hold and one will be sensitive to deviations from this approximation when studying a real material. In general, there will be hardly any signature of inelasticity in the measured diffraction intensities. However, in the angles cos 2 α and sin 2 γ as measured with diffraction such signatures will become apparent because inelasticity means that the direction of the Q vector varies in one detector pixel and thus cos 2 α and sin 2 γ will deviate from the values expected for elastic scattering. Therefore, 10-pt polarization analysis may provide valuable information on the inelasticity of the scattering even without energy analysis. This point was made by Schärpf [2] , and the idea was made use of by Murani et al. in-plane [30] . It is generalized in this paper to out-of-plane scattering.
At an inelastic instrument, strictly speaking, it is not necessary to employ the 10-pt method because the scattering triangle can be constructed in each pixel and time-of-flight bin without ambiguity (hence cos 2 α and cos 2 γ are fully known everywhere). Still, it will be beneficial to expand the traditional 6-pt protocol, because this allows one to fully cancel out the angles and minimize the set of assumptions in the data analysis. It may also be pointed out that at an instrument set up for the classical 6-pt scheme, the modified 10-pt scheme will be readily available, as one only rotates the horizontal field settings by 45
• to access the two additional polarization directions. The additional information is thus gained at near zero cost in terms of setup and measurement times.
